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Received 23 April 2012; revised 14 June 2012; accepted 2 July 2012AbstractPurpose: The purpose of this study was to examine effects of a sport version of a semi-rigid ankle brace (Element) and a soft ankle brace
(ASO) on ankle biomechanics and ground reaction forces (GRFs) during a drop landing activity in subjects with chronic ankle instability (CAI)
compared to healthy subjects with no history of CAI.
Methods: Ten healthy subjects and 10 subjects who had multiple ankle sprains participated in the study as the control and unstable subjects,
respectively. The CAI subjects were age, body mass index and gender matched with the control subjects. The arch index and ankle functions of
the subjects were measured in a subject screening session. During the biomechanical test session, participants performed five trials of drop
landing from 0.6 m, wearing no brace (NB), Element brace and ASO brace. Simultaneous recording of three-dimensional kinematic (240 Hz)
and GRF (1200 Hz) data were performed.
Results: The CAI subjects had lower ankle functional survey scores. The arch index and deformity results showed greater arch deformity of
Element against a static load than in NB and ASO due to greater initial arch position held by the brace. CAI participants had greater eversion
velocity than healthy controls. The ASO brace reduced the first peak vertical GRF whereas Element increased 2nd peak vertical GRF.
Element brace reduced eversion range of motion (ROM) and peak eversion velocity compared to NB and ASO. In addition, Element reduced
dorsiflexion ROM and increased peak plantarflexion moment compared to NB and ASO.
Conclusion: Results of static arch measurements and dynamic ankle motion suggest that the restrictions offered by both braces are in part due to
more dorsiflexed ankle positions at contact, and higher initial arch position and stiffer ankle for Element.
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Ankle ligament sprain is the most common sports injury,1e4
accounting for 15% of all sport injuries in 15 National
Collegiate Athletic Association sports.4 Among the ankle
ligament injuries, lateral ankle sprain is the most common type
and typically caused by excessive inversion, particularly when
the ankle is in a plantarflexed position.5e8 It was found that
73% of athletes who had previously sprained their ankle hading by Elsevier B.V. Open access under CC BY-NC-ND license.
Ankle brace & chronic ankle instability in landing 115a recurrence9 and that 59% of them had significant residual
symptoms and functional disability which is often referred to
as chronic ankle instability (CAI). In addition, recurrent
sprains have been linked to increased risk of osteoarthritis and
articular degeneration at the ankle joint.10
Subjects with CAI have shown a greater first peak vertical
ground reaction force (GRF) compared to the contralateral
unaffected limb and lower relative time to peak compared to
controls during a v-cut maneuver.11 Rosenbaum et al.12
showed no significant differences in objective data (i.e.,
vertical jumping height, single leg hopping time, sprint time,
and side-cut time) although significant differences between 10
braces were observed in subjective evaluation of performance
restriction in subjects with CAI. Gribble and colleagues13
found that a lace-up ankle brace does increase dynamic
stability measured as resultant GRF vector time to stability in
CAI subjects. These studies demonstrated mixed biomechan-
ical and performance results of CAI subjects during dynamic
movements.
Ankle braces are designed to prevent or treat ankle sprains
or recurrences. Many athletes wear them in both games and
practices in hope to prevent ankle sprains. It has been
demonstrated that wearing ankle braces is effective in
reducing ankle sprains.14,15 We previously demonstrated
effectiveness of a semi-rigid ankle brace with a heel strapping
system (Element) in an inversion drop and a lateral cutting
maneuver.8 In a landing study on flat and inverted surfaces,
Zhang et al.16 showed that the same ankle brace reduced time
to 2nd peak vertical GRF, sagittal-plane ankle angle and
dorsiflexion velocity at contact, maximum eversion velocity
and plantarflexion velocity, contact inversion angle and peak
eversion velocity during landing on both flat and inversion
surfaces. Chen and colleagues17 also showed that the semi-
rigid ankle brace reduced ankle inversion at contact and peak
inversion angles as well as dorsiflexion range of motion
(ROM) in both landings on an inverted surface and inversion
drop on a trapdoor device. McCaw et al.18 found a signifi-
cantly reduced maximum sagittal-plane ankle angular velocity
while wearing an ankle brace in soft and stiff landing. It was
also found that the peak vertical GRF and its loading rate
significantly increased while the contact ankle sagittal-plane
angle significantly decreased during drop landing wearing an
ankle brace compared to no brace (NB).19 More recently,
Gardner et al.20 demonstrated decreased relative ankle work
when wearing a boot ankle brace compared to NB condition
during a single-leg landing.
The majority of previous research on ankle braces has
been conducted on healthy subjects or in subjects with
unknown histories of ankle sprains. It is still unclear whether
ankle braces can provide similar or greater ankle sprain
protection in CAI subjects compared to healthy subjects
during landing activities. Therefore, the purpose of this study
was to examine effects of a sport version of the semi-rigid
ankle brace (Element) and a soft ankle brace (ASO) on
ankle biomechanics and GRFs in a drop landing activity in
CAI subjects compared to healthy subjects with no history of
CAI. We hypothesized that greater reduction of eversionROM and peak eversion velocity would be observed in the
sport ankle brace compared to the soft ankle brace and in
CAI participants compared to healthy participants. It was
also hypothesized that the ankle braces would yield greater
reduction of eversion ROM and velocity in CAI participants
compared to healthy participants.
2. Methods2.1. ParticipantsTen control subjects with no history of previous ankle
sprains (age: 24.1  5.4 years, mass: 72.4  12.0 kg, height:
1.74  0.08 m) and 10 CAI subjects who had multiple ankle
sprains (age: 24.8  5.7 years, mass: 73.03  9.31 kg, height:
1.75  0.09 m) were recruited to participate in the study. In
each subject group, five females and five males were
recruited. The CAI subjects were age and body mass index
matched by the subjects in the control group. Potential
subjects were asked to participate in a screening session for
ankle functions and instability using Ankle Joint Functional
Assessment Tool (AJFAT)20 and arch index measurements. If
a subject met the inclusion criteria (multiple ankle sprains in
past 12 months and beyond, and no ankle sprains in past 3
months) for CAI group, he/she was then asked to participate
in a biomechanical testing session. All participants signed an
informed consent form approved by the Institution Review
Board.2.2. Experimental protocol
2.2.1. Screening session
The session began with the subject filling out the AJFAT
survey21 to document the condition of the reported CAI. Arch
index was measured with the subjects in sitting (unloaded) and
standing (loaded) positions in barefoot and in both ankle
braces using an AHIMS (Arch Height Index Measurement
System; JAK Tool and Model, LLC, Matawan, NJ, USA). The
measurements were used to compute arch index (AID)
22 and
arch deformity (AD)23 using the following equations:
AID ¼ Dorsum height
Truncated foot length
AD¼ AIunloaded AIloaded
where dorsum height is the height of dorsum of the foot at
50% of foot length and the truncated foot length is measured
from heel to the head of 1st metatarsal head.22
2.2.2. Biomechanical test session
The biomechanical testing session began with a 5-min
warm-up of jogging on a treadmill followed by a stretching
routine of major muscle groups. Participants performed five
trials in each of the three testing conditions: drop landing
from an over-head bar from a height of 0.6 m, wearing NB
(NB, lab running shoe: Grid Triumph, Saucony), Element
Fig. 1. The Element (A) and ASO (B) ankle braces used in the study.
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ASO (ASO, Medical Specialties, Charlotte, NC, USA;
Fig. 1B). The Element ankle brace is a semi-rigid brace
with a hinge joint at the ankle allowing sagittal plane rota-
tion and a heel strapping system designed to strap and
stabilize the calcaneus with two cross-pattern straps to
restrict ankle frontal-plane motion.16 The ASO brace is a soft
elastic band ankle brace to restrict overall ankle mobility.
The running shoes were also worn with the ankle braces on
the unstable side of the CAI subjects and the right side of the
control subjects. A seven-camera motion analysis system
(240 Hz; Vicon Motion Analysis Inc., Oxford, UK) was used
to obtain the three-dimensional (3D) kinematics during the
test. Reflective anatomical and tracking markers were placed
on both feet, ankles, legs, knees, thighs and on the pelvis
during testing. For the pelvis, thigh, and leg, the tracking
markers were attached to the respective segment via a semi-
rigid thermoplastic shell. The three tracking markers for the
heel segment were placed directly to the skin of the posterior
heel via a custom made two-marker wand and the lateral heel
marker via cutouts on the posterior and lateral heel counter.
A separate static trial was collected prior to testing of NB,
Element and ASO conditions. The anatomical landmarks
were marked with a marker pen to minimize placement
errors when reapplying the static markers for the 2nd and 3rd
static trials. A force platform (1200 Hz, American
Mechanical Technology Inc., Walthertown, MA, USA) was
used to measure the GRF and moments of forces simulta-
neously using the Vicon system. Participants were given
ample time to become familiar with the landing movement in
all three brace conditions prior to testing. The brace condi-
tions were randomized for all participants.2.3. Data and statistical analyses
2.3.1. Data analysis
Visual3D (C-Motion, Inc., Germantown, MD, USA) 3D
biomechanical analysis software suite was used to compute3D kinematic and kinetic variables. Customized computer
programs (VB_V3D and VB_Tables, MS Visual Basics)
were used to generate scripts and modify models for Visu-
al3D, determine critical events and compute additional
variables, and organize the mean variable files needed for
statistical procedures. The data were analyzed from the
touchdown to 350 ms after touchdown. The 3D marker
trajectories and GRF data were smoothed with a 4th-order
Butterworth digital filter using cutoff frequencies of 8 and
50 Hz, respectively. The 3D angular kinematic angles were
computed using a Cardan sequence (x-y-z). The polarity of
3D kinematic and kinetic variables was determined by the
right-hand rule. The GRF were normalized to body weight
(BW) and internal joint moments were normalized to body
mass (Nm/kg).2.3.2. Statistical analysis
The arch index, arch deformity, ankle ROM and AJFAT
data were first analyzed by a one-way analysis of variance
(ANOVA, 17.0; SPSS Inc., Chicago, IL, USA) to detect the
group difference. The arch index and arch deformity were
further analyzed using a 2  2  3 (group  load  brace)
mixed-designed ANOVA. The effects of ankle functional
status and ankle braces on selected biomechanical variables of
the dynamic movement tests were analyzed using a 2  3
(group  brace) mixed-design ANOVA for each movement.
The post hoc comparisons were conducted for the selected
biomechanical variables and the a level was set at 0.0167 with
a Bonferroni procedure to adjust the a level for multiple
comparisons.3. Results3.1. Ankle functions, static ROMs and arch indexThe CAI subject had an average of 1.9  1.1 (mean  SD)
sprains within the last 12 months and 4.5  3.1 total sprains.
The one-way ANOVA showed that healthy control subjects
had a significantly greater AJFAT score (26.7  1.1) than CAI
subjects (14.9  5.5). The ankle inversion (34.5  7.8) and
eversion (18.3  3.7) ROMs for control subjects were not
significantly different from the inversion (40.1  8.3) and
eversion (15.7  3.4) ROMs of CAI subjects.
The unloaded (seated) and loaded (standing) arch indices
were greater for the Element ( p < 0.001 and p < 0.001) and
ASO ( p< 0.001 and p< 0.001) thanNB, respectively (Table 1).
The results on the arch deformity showed a significant brace
effect ( p ¼ 0.009). The post hoc comparisons showed greater
arch deformity in Element compared to NB ( p ¼ 0.009) and
ASO ( p ¼ 0.011, Table 1). The three-way ANOVA results
showed a significant brace  load interaction for arch index
( p¼ 0.009) and arch height ( p¼ 0.003), but no interaction was
found for the truncated foot length. Paired t tests showed that
Element yielded significantly decreased arch index and
dorsum height from the unloaded position to the loaded
position.
Table 1
Average arch index measurements and arch deformity (mean  SD).
Control Unstable
NB Element ASO NB Element ASO
Arch index e unloaded (%)a,c 0.380  0.021 0.425  0.026 0.418  0.024 0.358  0.025 0.406  0.035 0.397  0.026
Arch index e loaded (%)a,c 0.338  0.025 0.370  0.024 0.377  0.026 0.323  0.024 0.356  0.020 0.360  0.027
Arch deformity (%)a,b 0.042  0.014 0.055  0.017 0.041  0.008 0.035  0.012 0.050  0.019 0.036  0.018
Abbreviation: NB ¼ no brace.
a Significant difference between NB and Element.
b Significant difference between Element and ASO.
c Significant difference between NB and ASO.
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The 1st peak vertical GRF ( p¼ 0.005) was significantly smaller
inASO compared toNB ( p¼ 0.009) andElement ( p¼ 0.035,
Table 2). The 2nd peak vertical GRF ( p ¼ 0.003) for NB was
smaller than Element ( p ¼ 0.004). The time to the 2nd peak
GRF ( p < 0.001) was significantly shorter in Element
compared to NB ( p< 0.001) and ASO ( p¼ 0.035), and in ASO
compared to NB ( p < 0.001, Table 2).3.3. Ankle variablesThe ankle dorsiflexion ROM ( p < 0.001) was greater in NB
compared to Element ( p < 0.001) and ASO ( p < 0.001,
Table 3). The ankle angle at contact ( p < 0.001) was less
plantarflexed in Element compared to NB ( p < 0.001) and
ASO ( p ¼ 0.015) and in ASO compared to NB ( p ¼ 0.001).
The ankle eversion ROM ( p ¼ 0.001) was smaller in Ele-
ment compared to ASO ( p ¼ 0.003) and NB ( p ¼ 0.005).
The peak eversion velocity for the unstable group was greater
than the control group ( p ¼ 0.01). The post hoc comparison
showed that it was smaller for Element compared to NB
( p < 0.001) and ASO ( p ¼ 0.013). The peak ankle plantar-
flexor moment was significantly greater in Element
compared to NB ( p ¼ 0.041) and ASO ( p ¼ 0.037, Table 3).
No significant differences were found in peak ankle eversion
moment in early landing although there was a trend of brace
main effect ( p ¼ 0.054).Fig. 2. Representative ensemble curve of vertical ground reaction force curve
in landing with ankle brace.4. Discussion
The main purpose of the current study was to examine
effects of the sport version of the semi-rigid ankle brace and
a soft ankle brace in a drop landing activity in CAI subjects
compared to healthy controls. The arch deformity derived
from the unloaded and loaded arch indices showed that the
Element had the greatest amount of arch deformity. The
ASO brace did not affect arch deformity. The greater arch
deformity associated with the Element brace is mainly due
to the higher arch position compared to NB and ASO, and
shorter truncated foot length compared to NB. Foot arch is
involved in attenuating GRF, especially during movements
that yield a forefoot-to-heel loading pattern such as landing or
stair descent. The Element brace has a heel to mid-foot
cross-pattern strapping system that is designed to hold the arch
in a higher position. As the arch is held in a higher position,
the foot length is reduced. The higher initial arch height allows
more range of motion in the foot and ankle for load attenua-
tion. This is evidenced by the greater arch deformity under the
loaded position for the arch index measurements. Whether the
arch is bottomed out in the loaded (standing) position cannot
be fully understood from these semi-static measurements.
The CAI subjects had significantly lower ankle functional
scores compared to healthy subjects based on the AJFAT
survey suggesting that some residual deficiencies are still
present. However, no differences were found in the inversion
and eversion ROMs, arch indices, and arch deformity between
groups. Most biomechanical variables during landing did not
show any significant group differences or group  brace
interactions. However, the peak ankle eversion velocity was
significantly greater in CAI subjects than controls. These
results suggest that subjects with CAI may experience greater
functional deficits of the ankle complex during this high
loading landing task, which may in turn increase the possi-
bility of ankle sprain recurrence in these unstable ankles. Due
to lack of any interactive effects of group and brace, the results
suggest that Element and ASO braces provide similar
protection to the ankle complex for CAI subjects compared to
healthy controls. Previous research has demonstrated that the
usage of an ankle brace reduced incidence of acute ankle
sprains in basketball.15 The ankle braces, particularly the
Element brace, reduced eversion ROM and peak eversion
velocity providing restriction to the subtalar joint in the
Table 2
Average GRF and COP variables (mean  SD).
Control Unstable
NB Element ASO NB Element ASO
1st peak vertical GRF (BW)b,c 1.52  0.40 1.39  0.33 1.27  0.31 1.42  0.26 1.37  0.30 1.32  0.25
2nd peak vertical GRF (BW)a 3.03  0.62 3.35  0.57 3.35  0.71 3.33  0.85 3.53  0.86 3.36  0.89
Time to 2nd peak vertical GRF (s)a,b,c 0.051  0.007 0.040  0.005 0.043  0.005 0.050  0.010 0.042  0.010 0.045  0.009
Peak medial GRF (BW) 0.306  0.07 0.291  0.08 0.277  0.08 0.306  0.11 0.318  0.13 0.302  0.11
Mediolateral COP displacement (m) 0.026  0.01 0.023  0.01 0.025  0.02 0.029  0.02 0.021  0.01 0.028  0.01
Abbreviations: COP ¼ center of pressure; GRF ¼ ground reaction force; NB ¼ no brace.
a Significant difference between NB and Element.
b Significant difference between Element and ASO.
c Significant difference between NB and ASO.
118 S. Zhang et al.landing condition. Dayakidis and Boudolos11 showed greater
first peak vertical GRF in unstable ankles compared to unaf-
fected sides during a v-cut movement in their CAI subjects.
However, we did not find any significant changes in the peak
vertical or medial GRF variables in our CAI group compared
to the control group. Furthermore, the performance related
variables such as dorsiflexion ROM and peak plantarflexion
were not changed between the groups. Rosenbaum et al.12
found that objective measurements such as sprint, hopping
and cutting times and jump heights were not changed in CAI
subjects compared to controls. These findings from literature
support our results that ankle braces provide greater stability to
unstable ankle joints even during violent dynamic movements
such as drop landings while maintaining performance
requirements.
The significant effects of ankle braces during landing were
mostly associated with the Element brace. Element brace
reduced peak eversion velocity compared to ASO and NB.
These results suggest that the Element brace is more
effective in restricting rear-foot motion during landing
movement and this result is consistent with similar findings of
the longer version of the brace in a previous drop landing
study.16 Element and ASO braces also significantly reduced
the ankle dorsiflexion ROM. However, the reduced ROM in
the braced conditions is mostly related to reductions in ankle
plantarflexion angle at contact. The Element brace reduced
the contact plantarflexion angle even more than ASO. LessTable 3
Average ankle kinematic and kinetic variables (mean  SD).
Control
NB Element A
Dorsiflexion ROM ()a,c 39.9  3.9 31.3  4.4
Contact plantarflex. angle ()a,b,c 17.0  7.2 9.1  7.5 
Eversion ROM ()a,b 6.2  3.9 3.9  1.3
Max eversion velocity (/s)a,b,d 124.4  51.5 69.3  23.9 
Max plant. moment (Nm/kg)a,b 1.10  0.20 1.19  0.19 
Max ever. moment (Nm/kg) 0.29  0.13 0.18  0.15 
Abbreviations: NB ¼ no brace; ROM ¼ range of motion.
a Significant difference between NB and Element.
b Significant difference between Element and ASO.
c Significant difference between NB and ASO.
d Significant difference between the two groups.plantarflexion at contact is beneficial in preventing lateral
ankle sprains as the ankle is less stable in more plantarflexed
position and lateral ankle sprains occur most frequently when
the ankle experiences excessive inversion in a more plantar-
flexed position.7 The reduced dorsiflexion ROM also requires
increased plantarflexor moment in the Element brace. Zhang
et al.16 also showed similar effects of the original Element
brace on ankle angle at contact, peak dorsiflexion angle and
peak plantarflexion moment in landing on flat and inverted
surfaces. Chen at el.17 also found reductions in ankle plan-
tarflexion angle at contact in both landing on the inverted
surface and inversion drop test with the original Element
brace. These results suggest that the semi-rigid ankle brace is
effective in restricting ankle motion in frontal plane. The
sagittal plane dorsiflexion ROM is more related to perfor-
mance and is reduced in both braces, which is partially due to
the less plantarflexed ankle angle at contact. It is not clear
whether the braces would influence performance of jumping or
other activities.
The 1st and 2nd peak vertical GRFs are associated with the
forefoot and heel contact,24,25 which indicate magnitude of
overall loading to the body during landing activities. In
addition to the effects of ankle braces on ankle kinematics and
kinetics, ASO also reduced the 1st peak vertical GRF
compared to NB and Element. The 2nd peak vertical GRF
was increased in Element compared to NB. During the
landing movement, the braced conditions did not reduce theUnstable
SO NB Element ASO
31.7  5.6 39.2  8.9 30.8  5.8 32.8  6.8
12.1  8.2 16.6  6.3 8.1  4.9 10.5  5.8
6.8  2.4 9.6  5.3 6.0  3.1 7.3  3.6
119.5  36.4 200.5  68.7 116.8  47.8 141.5  63.0
1.09  0.23 1.14  0.23 1.24  0.26 1.13  0.22
0.22  0.18 0.28  0.12 0.22  0.20 0.24  0.11
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during landing. Although not statistically significant, Ele-
ment brace was shown to provide slightly greater restriction
on peak eversion movement than NB ( p ¼ 0.067). Peak
eversion moment has been shown to decrease during landing
on flat and inverted surfaces in the original Element brace
compared to NB.16 The sport version of this brace provides
similar but slightly reduced effects on peak eversion moment.
The increased 2nd peak vertical GRF associated with landing
wearing Element may be related to the increased stiffness in
the foot and ankle complex due to reduced dorsiflexion ROM.
Previous research has demonstrated that the heightened stiff-
ness of the lower extremity joints lead to increased peak
vertical GRFs.25 This effect was further enhanced by the
shorter time to reach the 2nd peak GRF with Element
compared to NB and ASO. These data may suggest that
landing with Element may cause slight increases in ankle
stiffness compared to landing without a brace. Whether the
increased ankle stiffness and loading to the body would also
increase loading to the other lower extremity joints is
unknown. Even though the increased 2nd peak GRF may not
have direct impact on ankle frontal-plane moment during
landing on regular flat surface, it may increase external
inversion moment applied to ankle complex when landing on
inverted surface (e.g., landing on someone’s foot) and requires
greater ankle internal eversion moment to minimize potential
injurious effect on ankle. The stiffer ankle and added
restriction due to Element brace application may help
reduce the risk of inversion ankle sprains in this kind of
landing conditions. Further examination of knee and hip
kinetics are needed to better understand effects of Element
on other lower extremity joints during drop landing. Many
athletes wear an ankle brace and/or taping to prevent ankle
sprains in competition as well as in practice. Effects of these
practices on other lower extremity joints are largely unknown
at this point.
In order to improve tracking of the rearfoot, wand markers
were attached through the lateral and posterior heel cutouts in
the shoe. This may lead to increased vibrations of the markers
due to the extended wand shaft. However, we tried to mini-
mize vibrations by using a relatively large base that conforms
to the shape of heel, and a shortest possible wand shaft. The
base was further secured to the heel with duct tape. A recent
paper has demonstrated that the peak knee and hip moments
may be exaggerated during a cutting movement when the
kinematic and kinetic data were filtered at 10 and 50 Hz,
respectively.26 Although we filtered the kinematic and GRF
data at 8 and 50 Hz, only ankle joint moments were analyzed
in the current study. The paper did not present any data on
ankle moments and therefore the effects of different cutoff
frequencies on ankle moments are still unknown. Although our
CAI subjects demonstrated functional instability reflected in
the lower AJFAT scores, mechanical instability was not
assessed using a method recommended by Hartel.10 However,
the ankle inversion/eversion ROMs of CAI subjects did not
differ from the controls. This lack of information on
mechanical instability and differences of the ankle ROMsbetween the two groups may be one of the causes contributing
to the lack of differences in the effects of ankle braces on
ankle kinematic and kinetic variables between groups. It has
been recently suggested that studies examining subjects with
CAI should also demonstrate mechanical instability.27 One
limitation of the study is the small sample sizes, which may
further contribute to the lack of differences between the
subject groups. Future studies on CAI should also pay atten-
tion to individual differences in data analyses.
5. Conclusion
The results from this study showed that CAI subjects had
lower ankle functional score. The CAI participants had greater
eversion velocity but did not differ in other variables from the
control subjects. The sport version of the Element brace
with shorter semi-rigid arms but the same strapping system
offered some restrictive effects in the landing movement
partially supporting our hypothesis. The ASO brace reduced
the first peak vertical GRF whereas Element increased 2nd
peak vertical GRF. Element brace reduced eversion ROM
and peak eversion velocity compared to NB and ASO. In
addition, Element reduced dorsiflexion ROM and increased
peak plantarflexion moment compared to NB and ASO. The
dynamic measurements suggested that these restrictions
offered by both braces are in part due to more dorsiflexed
ankle positions prior to contact.
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